In this paper, we propose a method of statistically analyzing overall shape of the trunk and classifying those of Japanese women into smaller number of classes. The main problem in this research is that the number of the coordinates of the control points in the shape data is more than 1,000 so that the principal component analysis or other many statistically analyzing methods are inapplicable to them. To address this problem, we use correlation coefficients between coordinates of each pair of the control points to reduce the number of the data without loss of overall information on trunk shape and then apply the principal component analysis to the reduced shape data. In this paper we apply the proposed method to 560 Japanese women and classify their trunk shapes into five classes.
Abstract--This paper proposes a new method for extracting shape components of the trunk of woman from three-dimensional measurements and tries a classification of the trunk shapes. Subjects in this study are 560 Japanese women, ranging in age from 19 to 63 years. First we describe three-dimensional (3D) trunk shape using the control points given by fitting the human body shape model to 3D measurements of the subjects, and reduce the number of the control points to be suited for statistical analysis based on correlation strength. The Principal component analysis is applied to the shape data, or the reduced set of the control points. Then we try to interpret the trunk shape components by combining factor loading map and averaged shape models. Finally we try to classify the trunk shape of Japanese women by means of the cluster analysis of component scores of the above results.
We can expect that the method will be applied to various sorts of customer groups and the results will be reflected in clothe design instead of seat-of-the-pants approach of designers. As a result it will be helpful in producing not only size and shape fitting clothes but also functional clothes in shape adjustment, posture adjustment, wear-comfort.
Index Terms--Body shape model, the Japanese women, three-dimensional shape analysis, and trunk.
I. INTRODUCTION
Identifying shape components of human body is essential for designing close-fitting products. Especially in the field of apparel, analyzing the shape of the woman's trunk is the most important issue because many woman customers still have strong demands for size-fit, wear-comfort, and sensuousness of underwear, garments, or other products.
II. A METHOD OF TRUNK SHAPE ANALYSIS

A. The Human Body Shape Model
The 3D human body shape model developed by Kurokawa [2] , [3] and others can describe 3D human body shape with high precision among existing methods. This model also plays an important role for analyzing 3D body shape and simulating wearing figures. The model is a periodical cylinder-like surface of the bi-cubic B-spline, Many researchers had studied the body shape of human by use of body measurements, photographic imagery, or silhouette. However, their methods are not sufficient to describe the three-dimensional (3D) shape of the body. Therefore the approaches using the 3D measurements are recently investigated with the spread of the laser metrology [1] . We have also proposed the method of dealing with 3D shape of the human body by combining the 3D human body shape model developed by T. Kurokawa and his colleagues [2] , [3] with analyzing or searching methods. For example the principal components for women's breast and abdomen shape have been found through the principal component analysis of the control point coordinates of the model [4] , [5] . Where p(u, v) is a point on the B-spline surface normalized by the anatomical feature points, u and v are surface coordinates, N p,q is a B-spline basal function and V i,j are control points. i and j are the indices of the segments forming the B-spline surface. The control points V i,j are determined through least-square fitting of the surface (1) to a set of 3D measurements of a female subject and we make m = 30 and n = 25 for high precision modeling of the female trunk with error less than 1.54 mm in depth. Thus obtained 750 control points can reconstruct the trunk shape of the subject.
Moreover, the B-spline surface has the locality, that is, ICITA2008 ISBN: 978-0-9803267-2-7 surface transformation induced by displacement of control points within a small region remains local. Based upon this property, we can expect that the shape of any local area on the trunk surface can be expressed with a small subset of control points. In addition, each control point labeled as i, j have the same meaning among different modeled women.
We have already demonstrated that we can easily calculate and display average body shape using two or more models [2] . We have also described that the model is useful to estimate body size [6] , to simulate brassiere-wearing figures [7] , [8] and to analyze 3D shape of the breast [4] and the abdomen [5] .
B. 3D Body Measurement 3D measurements of 560 Japanese women between the age of 19 and 63 were taken on laser metrology in 2000 at Wacoal Corp. Subjects were scanned in a natural standing posture wearing only panties. The obtained data for each subject consist of approximately 160 thousands body surface points. After measurement the body shape model was fitted to the measurements of each subject. Then 560 sets of shape data were extracted from the models.
C. Reduction of Shape Data
The shape data of the trunk consist of 750 (control points) x 3 (x, y, z coordinates) coordinates, or variables. As this number of 2250 is, as mentioned in I., much larger than the number of subjects, we cannot use them in the analysis. We, therefore, reduce the shape data in two steps: reduction of analyzing region and elimination of control points.
We have no reason to believe that there is a statistical difference in shape between the right and left trunk. This enables us to treat the half side of the trunk instead of the whole trunk without lacking shape information. We choose the right side of the trunk for shape analysis. The 18 x 23 control points shown in Fig. 1 are necessary to describe the shape of the right side of the trunk except the neck.
These points are aligned along the circumferential (u) and the height (v) coordinates on the cylindrical coordinate system. Hence we have the shape data composed of (18 x 23 x 3 =) 1242 coordinate variables. For the purpose of focusing on shape analysis, we redefine the origin of coordinates for each subject. The redefined origin corresponds to the x and y coordinate of the pubic foot point, and z coordinate of the fossa jugularis point shown in Fig. 1a . Here the pubic foot point is not an anatomical point but a point marked on a photographic image. And all of the coordinates are normalized to the height difference between the cervicale in Fig. 1c and the pubic foot point shown in order to eliminate the size factor. The second step of shape data reduction is based upon the correlation analysis between coordinates of the neighboring control points in (u, v) arrangement. The number of coordinates describing the right side of the trunk is 1,242 and is yet larger than that of the subjects. Our idea is to eliminate one of the pair of neighboring control points if the two is highly correlated in one coordinate among all the subjects. Though correlation strength may differ among the three coordinates, this correlation judgment and elimination are carried out in each coordinate. The procedure of the elimination of control point coordinates is as follows. As a result, 111 representative coordinates that can cover about 92 percent of the original coordinates were chosen as the data set for shape analysis. The representatives are indicated by x in Fig. 2b . Remaining 8 percent of coordinates expressed by a black cell are highly independent from those of adjacent control points and have no representable coordinates. These independent coordinates are removed from the shape data because this study is aiming to characterize overall shape of the trunk. The compressibility rate of this method is approximately 91 percent. 
III. PRINCIPAL COMPONENT ANALYSIS OF TRUNK SHAPE
A. Principal Component Analysis
Principal component analysis with varimax rotation is applied to variance-covariance matrix of the 111 representative coordinates of the 560 subjects in order to extract the shape factors of the female trunk.
B. Result of Principal Component Analysis
The first six of principal components can be clearly interpreted as the shape factors of the trunk. The seventh or later components contain the shape factors of the neck, the shoulder, the upper and the lower abdomen, etc. And they are not enough to characterize the whole shape of the trunk because these components relate to only small part of the body and have low contribution rate. Table I shows the contribution ratio of the six higher principal components. Fig. 3a illustrates factor loading maps in each principal component and each of the three coordinates x, y and z of the control points using the gray scale shown below the maps where the coordinates of the control points are arranged as in Fig. 2 . These maps depict which part of the truck each principal component mainly relates to. For example in Fig.  3a(4) , z coordinate in the lower truck is strongly loaded with positive loadings. This means that the subjects with negatively large component score on the fourth principal component have a strongly outstanding lower trunk. Drawing subjects' body figures having variety of component scores assists interpretation of these maps. For this purpose we calculate average figures of subjects in the three groups split by the standard deviation σ of the component scores for each principal component. Let P i, j denote the ith component score of subject j and σ i be the standard deviation of the ith scores P i, j (j = 1,..., 560), then the 560 subjects are classified into three groups; Group I (P i, j -σ Fig. 3b shows the average body figures of all the three groups of the subjects for the six principal components. In Fig.  3 the figures are presented in contour to emphasize differences of shape among the component score groups.
C. Interpretation of Principal Components
In this section the first six principal components are interpreted according to the factor loadings and the average figures of three groups illustrated in Fig. 3 . The shape of the left side of the body is not included in the shape analysis, but is referred to if needed.
The first principal component represents a factor of horizontal of the trunk. While the average figure of the Group I leans to the left, the figure of the Group III leans to the right. Moreover the Group II slightly leans to the right.
The second principal component is interpreted as a factor of breast height. The intermediate trunk is positively loaded with larger absolute values. This means that an increase in the component score results in a longitudinally elongated abdomen. This is also confirmed by Fig. 3b(2) . In addition, width and thickness of the waist of the Group III looks smaller than those of the Group I.
The third principal component corresponds to shoulder shape. When the component score increases, shoulder slope decreases. This also lifts up the chest and the breasts.
The fourth principal component can be considered to be a factor of longitudinal inclination of the trunk. In Fig. 3(4) , z coordinates of lower half of the trunk show high factor loadings, therefore, z coordinates in the lower region of the Group III figure have larger values compared to the upper region. This means that the higher the component score is, the more posterior the waist and hips are relatively located against the fossa jugularis point, or the z origin.
The fifth principal component may be a factor of breast size. As the component score increases, the breast and the upper abdomen lose their volume, the waist slenderizes, and shape of the upper chest flattens.
The sixth principal component is considered as a factor of fatness of the trunk. z coordinates of the back of the trunk are thoroughly loaded with positive values, and as a result thickness of the trunk is fairly increases. This is clearly confirmed in Fig. 3b(6) , too. It is particularly worth noting that only the sixth one among the six principal components has a significant correlation with the subjects' age (R = 0.39, p = 0.00 < 0.01).
IV. CLASSIFICATION OF TRUNK SHAPE
A. Cluster Analysis
In this section, in order to classify trunk shape of Japanese women we carry out the cluster analysis of the component scores of the six principal components given in III. We can easily derive classes by dividing a multidimensional principal component space [4] where the 560 subjects are distributed according their component scores as we tried in Fig. 3b . However this method yields needlessly many classes. Clustering is a reasonable way in the sense that we can get the preferred number of classes in many cases. The preferred number of classes is determined on the basis of the dendrogram
C. Interpretation of Classes
We adopt Ward's method and use the square Euclidean distance as the metric. The component scores are not normalized since the variance of each component has special importance as a shape factor of the trunk Observation of average figures of the five classes is summarized below.
C1 is a slim figure bending forward. And the Angle of shoulder slope is closer to horizontal. C2 is leaned to the left. And has the breast that is relatively small and located at the highest level. C3 is a posture of leaning backward and has about one third of the subjects, the largest number in the classes. C4 is leaned to the right and the low shoulder, and has the small breast. C5 looks a somewhat corpulent body and the position of the breast is lower than those of other classes.
B. Result of Classification
The obtained dendrogram is illustrated in Fig. 4 . As we wanted to have a relatively small number of classes, based on the dendrogram we judge that "five" is an appropriate number of classes. Therefore, we have five classes, C1, C2, C3, C4, and C5. The number of subjects included in each class is indicated in Table II . We also use the model to calculate the average figure in each class in order to understand classification property. The resultant average figures are shown in Fig. 5 .
V. DISCUSSIONS
A. Discussion on Analysis of Trunk Shape
In the reduction of the number of the shape data, the representative coordinates tend to be distributed onto the neck, the shoulder or especially onto the chest. The representatives are considered reasonable to describe overall shape of the trunk of women. Furthermore, we have repeated the shape analysis, changing the condition of the parameters of the shape data reduction (the threshold of correlation coefficient and the range of representation) and confirmed that there were no significant differences among the results.
C2
C3 C4 C5 C1 The interpretations of the first six principal components seem to have some agreements with the results of studies on one-or two-dimensional data. The main advantage of our method is that it allows us to quantify all of these shape factors of the trunk automatically and accurately from the 3D models. In contrast, the methods that are based on body measurements, photographic imagery, or silhouette can treat only a part of the body shape or need time-consuming manual procedures.
The component scores that quantify the trunk shape can be calculated for any woman by combining the factor loadings derived in this research and the representative coordinates of the human body shape model of her own and help us to understand the body shape objectively. However, it is necessary to choose the suitable components for the intended application. For instance, it would appear that the first or the fourth principal component is suitable for posture evaluation. The other four principal components may have a significant role in design of garments that must fit snugly.
B. Discussion on Classification of Trunk Shape
We classified the shapes of the right side of the body into five classes according to the component scores of subjects' trunk shape. These five classes are expected to represent typical shapes of the trunk of the Japanese women. It is possible to classify the trunk shapes into more classes. However, in actual design of products we have to consider the variation in shape and size of customer's body. Too many classes of the shape will raise cost of the products.
Some problems still remain with the classification. Firstly, the result of the classification is greatly influenced by the first component as no normalization applies to the component scores. Secondly, this type of mechanical classification is at risk of putting a person having exceptional shape of the trunk into one of those classes. As to these two issues, we have already tried some classification methods in the study of the breast shape [4] . Thirdly, on the other hand, some results indicate normality of subject distribution in space of the six component scores. The normality will lead to misclassification. Now we are in process of analyzing these issues.
VI. CONCLUSIONS
In this paper we have proposed two methods of analyzing 3D human body shape. The first is the method for getting shape data to be analyzed. Our human body shape model has many parameters, or control points, to form a curved surface approximating the human body surface. This study has proved that these parameters serve as shape data. However, the number of them easily exceeds that of subjects when the model is of high accuracy and covers a wider region of the body surface. This is a major problem for statistical analysis.
We have solved the above problem by means of a sort of data compression. Adjacent control points of the shape model have tendency similarly to behave when subjects are changed. Therefore, if a pair of adjacent control points is highly correlated over all subjects, one of the pair can represent them and another of the pair can be removed from the shape data without losing shape information. This idea has performed over the arrangement of all the control points of the trunk model, and the data compressibility ratio of 91 percent has been attained.
The results of the principal component analysis of the compressed shape data were satisfactory. The results have been visualized by two ways: factor loading maps and body figures averaged using the shape model. Interpretation of principal components can be performed at any level of detail based on these visualizations, although it has remained at perfunctory level in this paper.
One of the remaining problems is separation of body shape and posture. Posture may vary with time and may be standardized before analyzing body shape. Selecting the classification criterion for body shape is also the important problem. This is dependent on application of the classification results. For designing ready-made clothes the criteria should be simple in order to reflect it to pattern making, grading, and so on. In this case division of the principal component space may serve for practical use after carefully reducing the dimension number [4] .
